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Mating-type genes in fungi encode regulators of mating and sexual development. Heterothallic ascomycete
species require different sets of mating-type genes to control nonself-recognition and mating of compatible
partners of different mating types. Homothallic (self-fertile) species also carry mating-type genes in their
genome that are essential for sexual development. To analyze the molecular basis of homothallism and the role
of mating-type genes during fruiting-body development, we deleted each of the three genes, SmtA-1 (MAT1-1-1),
SmtA-2 (MAT1-1-2), and SmtA-3 (MAT1-1-3), contained in the MAT1-1 part of the mating-type locus of the
homothallic ascomycete species Sordaria macrospora. Phenotypic analysis of deletion mutants revealed that the
PPF domain protein-encoding gene SmtA-2 is essential for sexual reproduction, whereas the  domain
protein-encoding genes SmtA-1 and SmtA-3 play no role in fruiting-body development. By means of cross-
species microarray analysis using Neurospora crassa oligonucleotide microarrays hybridized with S. macrospora
targets and quantitative real-time PCR, we identified genes expressed under the control of SmtA-1 and SmtA-2.
Both genes are involved in the regulation of gene expression, including that of pheromone genes.
Sex, one mechanism of the genetic diversity of species, is
ubiquitous across kingdoms. To avoid self-crossing, genetic
barriers have evolved that prevent selfing, and these often
culminate in sexual dimorphism. In filamentous ascomycetes,
sexual dimorphism is almost nonexistent, and in many cases
individuals are hermaphrodites. Here, sex is determined ge-
netically by a sex-specific region in the genome known as the
mating-type locus (MAT) (10).
Fungi exhibit two different sexual life styles, homothallism
(self-fertility) and heterothallism (self-sterility) (46). This phe-
nomenon was first discovered by Blakeslee in the group of
zygomycetes, a lineage that diverged early within the fungal
kingdom (5). Only recently was the sequence of the mating-
type locus of Phycomyces blakesleeanus (Zygomycota) discov-
ered (36). It was shown that each mating-type locus contains
one single gene coding for a protein with a high-mobility group
(HMG) (31) (Fig. 1). Both genes show low-level amino acid
similarity and confer the ability to mate as either a MAT () or
a MAT () strain.
Similarly, heterothallic ascomycetes contain a single mating-
type locus with two alternate alleles. The DNA sequences at
the mating-type locus in individuals of different mating types
show almost no homology. To emphasize the dissimilarity be-
tween and the different origins of the genes of different mating-
type loci, they have been termed idiomorphs instead of alleles
(49).
In ascomycetes, mating is best characterized at the molecu-
lar level in the budding yeast Saccharomyces cerevisiae. The
MAT idiomorphs, MATa and MAT, encode regulatory pro-
teins which, in combination with other transcription factors,
are responsible for a distinct pattern of expression in the three
yeast cell types: haploid MATa and MAT cells and diploid
MAT/a cells (33). Haploid yeast cells sense the presence of a
potential mating partner by recognizing pheromones specifi-
cally secreted by cells of the opposite mating type (4).
The MAT mating-type locus consists of two genes, 1 and
2 (1). The 1p protein carries a characteristic DNA-binding
domain called the  domain and is a positive regulator of
transcription of -specific genes. The product of the 2 gene is
a homeodomain protein that acts as a negative regulator of
transcription of a-specific genes (2). The MATa locus consists
of two genes, but only a1 encodes a functional protein with a
homeodomain. The a1 protein plays no role in mating regula-
tion in haploid a cells, since a-specific genes are constitutively
expressed in the absence of 2p. However, a1p forms a het-
erodimer with 2p in diploid cells. The a1/2 heterodimer
represses the expression of haploid-specific genes. The gene a2
encodes a nonfunctional version of 2 (18, 33). However, the
coding capacity of S. cerevisiae MAT loci is not representative
of other ascomycetes (16, 35). The MAT locus of S. cerevisiae
lacks a gene coding for an HMG domain protein, which is
present in the MAT loci of ascomycetes ranging from filamen-
tous ascomycetes (Pezizomycotina) to the fission yeast Schizo-
saccharomyces pombe (Taphrinomycotina) (76) (Fig. 1).
In heterothallic Pezizomycotina, the single mating-type locus
conferring mating behavior also consists of dissimilar DNA
sequences (idiomorphs). Instead of MAT and MATa, the
* Corresponding author. Mailing address: Georg-August University,
Institute of Microbiology and Genetics, Department of Genetics of
Eukaryotic Microorganisms, Grisebachstr. 8, D-37077 Go¨ttingen, Ger-
many. Phone: 49-551-39-13930. Fax: 49-551-39-10123. E-mail: spoegge
@gwdg.de.
† Supplemental material for this article may be found at http://ec
.asm.org/.
 Published ahead of print on 30 April 2010.
894
mating types of Pezizomycotina were originally described as
MAT and MAT or mat A and mat a and later renamed by
Turgeon and Yoder (78). MAT1-1 corresponds to MAT of S.
cerevisiae, and MAT1-2 corresponds to the MATa idiomorph of
S. cerevisiae. Without exception, the MAT1-1 idiomorph of
Pezizomycotina contains a gene encoding a protein with an 
domain, whereas MAT1-2 carries a gene encoding a protein
with an HMG domain. Heterothallic members of the class
Eurotiomycetes, such as Aspergillus fumigatus, have this simple
mating-type structure (Fig. 1). In addition to these two genes,
other genes may be present at the MAT locus (16) (Fig. 1).
With regard to the function of MAT genes, two heterothallic
members of the class Sordariomycetes, Neurospora crassa and
Podospora anserina, are the best-characterized species within
the subphylum Pezizomycotina. Their mating-type loci are sim-
ilar in structure (Fig. 1).
The MAT1-2 (mat a) locus of N. crassa comprises two genes,
MAT1-2-1 (mat a-1) and MAT1-2-2 (mat a-2) (61, 74). While
the function of MAT1-2-2 is unknown, the HMG domain gene
MAT1-2-1 encodes the main regulator of sexual reproduction
in MAT1-2 strains (11).
The MAT1-1 (mat A) idiomorph of N. crassa contains three
genes, the  domain gene MAT1-1-1 (mat A-1), MAT1-1-2
(mat A-2), and the HMG domain gene MAT1-1-3 (mat A-3)
(25, 29). The MAT1-1-1 polypeptide is the major regulator of
MAT1-1 mating functions (6, 25, 29, 71). The gene MAT1-1-2
encodes a protein without a known DNA-binding motif. How-
ever, it contains a conserved region with three invariant resi-
dues, histidine, proline, and glycine, which was initially called
the HPG domain (17). MAT1-1-2 homologues of members of
the genus Diaporthe, however, lack the conserved His, Pro, and
Gly residues but, like all other MAT1-1-2 proteins, have two
invariant prolines and one phenylalanine residue. Therefore,
the name of the region has recently been changed to the PPF
domain (16, 39). PPF domain proteins are present in the
MAT1-1 loci of all known Sordariomycetes, but no homolog has
been found outside this taxon (16, 77) (Fig. 1).
MAT1-1-2 and MAT1-1-3 deletion mutants of N. crassa show
only slightly decreased fertility and no distinguishable vegeta-
tive phenotype. Deletion of both genes results in strongly de-
creased fertility, but the mutants are still able to produce viable
ascospores (24). Other than in N. crassa, deletion of MAT1-1-2
in P. anserina leads to a complete arrest of fruiting-body de-
velopment (16, 77). MAT1-1-2 of P. anserina (PaMAT1-1-2)
shows about 20% identity to its counterpart in N. crassa and
was proposed to be a DNA-binding protein, but later investi-
gations indicated a cytosolic localization (15, 17, 25).
The filamentous ascomycete Sordaria macrospora, a close
relative of N. crassa, is homothallic and therefore does not
need a mating partner to complete the sexual cycle. Nonethe-
less, the genome of S. macrospora contains a mating-type locus
(66). The locus is similar to both the MAT1-1 (mat A) and
MAT1-2 (mat a) idiomorphs of N. crassa. It harbors four mat-
ing-type genes, the HMG domain gene Smta-1 (MAT1-2-1),
the small gene SmtA-3 (MAT1-1-3), the PPF domain gene
SmtA-2 (MAT1-1-2), and the  domain gene SmtA-1 (MAT1-
1-1), and displays a high degree of sequence similarity to the
corresponding mating-type genes of N. crassa and to mating-
type genes of other Sordariaceae (61, 66) (Fig. 1). Interestingly,
SMTA-3 has a chimeric character and contains sequence sim-
ilar to the N. crassa MAT1-2-2 and MAT1-1-3 proteins but
lacks the characteristic HMG domain of MAT1-1-3. Thus,
SmtA-3 encodes a protein with no known functional domain.
Mating-type genes of S. macrospora have been demonstrated
to be functional in heterothallic P. anserina (59, 66), and the
HMG domain gene Smta-1 has been shown to be essential for
sexual development in S. macrospora (65).
As in S. cerevisiae, mating-type-encoded transcription factors
of heterothallic filamentous ascomycetes are supposed to act
directly or indirectly as transcriptional regulators on the mat-
ing-type-specific expression of pheromone and pheromone re-
ceptor genes (2, 42). In fact, it has been demonstrated for
heterothallic filamentous ascomycetes that pheromone signal-
ing enables cells of opposite mating types to detect each other
(14, 40). Interestingly, two different pheromone precursor
genes and two pheromone receptor genes have been found in
homothallic S. macrospora and have been shown to be involved
FIG. 1. Schematic comparison of mating-type loci from heteroth-
allic and homothallic fungi. The arrowed boxes represent the orienta-
tion and size of the ORFs in the mating-type locus. Species-specific
names and standard nomenclature are given. Known functional do-
mains of the encoded mating-type proteins are given, and genes con-
taining the same functional domain are the same color. ,  domain;
HMG, HMG domain; Homeo, homeodomain; PPF, PPF domain; ?,
no known domain. Genes essential for sexual development are indi-
cated with an asterisk. Superscripts: 1, homothallic A. nidulans carries
two unlinked counterparts of MAT1-1-1 and MAT1-2-1; 2, the ho-
mothallic Neurospora species N. africana, N. dodgei, N. galapagosensis,
and N. lineolata contain only MAT1-1-specific genes.
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in the sexual development of S. macrospora (48, 60, 63). More-
over, a cross-species microarray analysis using N. crassa mi-
croarrays identified many genes up- or downregulated in a
Smta-1 deletion mutant, including the a-factor-like ppg2
gene, which is 500-fold downregulated in Smta-1 compared
to the wild type (WT) (65).
The functions of the other three MAT1-1 mating-type genes
in S. macrospora are unknown. In this study, we deleted the
MAT1-1-specific genes SmtA-1, SmtA-2, and SmtA-3 and ana-
lyzed the phenotype of the mutants. While SmtA-2 is essential
for fruiting-body and ascospore development, SmtA-1 and
SmtA-3 appear to play no role in vegetative growth or sexual
reproduction. Thus, similar to the situation in the phycomycete
P. blakesleeanus but contrary to all other studied ascomycetes,
sexual reproduction in S. macrospora is not dependent on an 
domain protein. Only one HMG domain protein and one PPF
domain protein are necessary for full fertility in this asco-
mycete. Additionally, cross-species microarray hybridiza-
tions were used to identify genes that are differentially regu-
lated in the SmtA-1 and SmtA-2 mutants, among them the
pheromone precursor genes.
MATERIALS AND METHODS
Strains and culture conditions. For cloning and propagation of recombinant
plasmids, Escherichia coli strain SURE was used under standard culture condi-
tions (70; Stratagene, La Jolla, CA). S. cerevisiae strain PJ69-4A (38) was grown
in YEPD full medium or SD minimal medium lacking uracil (72). S. macrospora
strains were cultivated on cornmeal medium (BMM) or complete medium (CM)
(21, 23). For RNA extraction, strains were grown in floating cultures on fructi-
fication medium (SWG) at 24°C as described by Nowrousian et al. (55). The
growth rate and dry weight of S. macrospora WT strain S48977, as well as of the
different deletion mutants, were measured according to Nolting and Po¨ggeler
(50).
Generation of mating-type gene deletions in S. macrospora. Deletion con-
structs of the different mating-type genes were created utilizing homologous
recombination in yeast (13). The 5 and 3 regions of the respective mating-type
gene were amplified by using corresponding primers 5f/5r and 3f/3r, respectively
(see Table S1 in the supplemental material). Within these PCRs, specific 29-bp
overhangs were added to the 5 and 3 flanks, respectively. These overhangs were
homologous to yeast plasmid pRS426 (12) and the hygromycin resistance cas-
sette (hph), respectively. The hph cassette was amplified from plasmid pCB1003
(9) with primers hph-f and hph-r (see Table S1 in the supplemental material). All
three different PCR fragments and the linearized (EcoRI/XhoI) vector pRS426
were transformed into S. cerevisiae strain PJ69-4A, where homologous recombi-
nation took place. The resulting deletion plasmids, pRS_SmtA1, pRS_SmtA2,
pRS_SmtA3, and pRS_SmtA2/3 (see Table S2 in the supplemental material),
were isolated according to the protocol of Colot et al. (13) and afterwards used
as a template to amplify the deletion cassette with primer pairs Ba1-5f/Ba1-3r,
Ba2-5f/Ba2-3r, Ba3-5f/Ba3-3r, and Ba2-5f/Ba3-3r, respectively. The PCR frag-
ments obtained were transformed into the S. macrospora ku70 strain (62) to
facilitate deletion by homologous recombination. In double-deletion strain
SmtA2/3, both genes were replaced by homologous recombination with the hph
cassette. The linear fragment was obtained by using the 5 flank of SmtA-3 and
the 3 flank of SmtA-2. Fungal protoplasts were transformed either with linear
PCR fragments generated from deletion plasmids or with complementation
plasmids (see Table S2 in the supplemental material). Transformation of S.
macrospora was performed as described by Nowrousian et al. (53). Plasmids
containing no resistance marker for S. macrospora were cotransformed with
pRSnat, a derivative of plasmid pRS426. The nourseothricin resistance gene
nat1, under the control of the Aspergillus nidulans trpC promoter, was amplified
from plasmid pD-NAT1 (43) and inserted into MunI-linearized plasmid pRS426,
resulting in pRSnat. Transformants were selected on either hygromycin B (110
U/ml)- or nourseothricin (50 g/ml)-containing CM.
As fungal transformants are often heterokaryotic and carry both transformed
and nontransformed nuclei, single spore isolates were generated by crossings
with the S. macrospora spore color mutant r2 (S67813) or fus1-1 (S23442) from
the strain culture collection of the Lehrstuhl fu¨r Allgemeine und Molekulare
Botanik, Ruhr University Bochum, Bochum, Germany. To complement the
phenotype of SmtA-2 and SmtA-2/3, plasmids pRS_Ba2 and pRS_Ba3 (see
Table S2 in the supplemental material) were constructed by amplifying the 5 and
3 regions and the entire coding regions of SmtA-2 and SmtA-3 with primer pairs
Ba2-5f/Ba2-3r and Ba3-5f/Ba3-3r from genomic WT DNA, respectively. Ampli-
cons were integrated into the vector pRSnat by homologous recombination in S.
cerevisiae.
Preparation of nucleic acids, hybridization protocols, and PCR. Isolation of
genomic DNA from S. macrospora was done as previously described (66). Ver-
ification of homologous recombination at the locus of the target gene was done
by amplification of the 5 region with primers Ba1Ko-f, Ba2Ko-f, and Ba3Ko-f/
trpC1 and of the 3 region with hph-3/Ba1Ko-r, Ba2Ko-r, and Ba3Ko-r (see
Table S1 and Fig. S1 in the supplemental material), respectively, with HotStar-
Taq DNA polymerase (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s protocol.
Southern blotting was done according to standard techniques (70). Hybridiza-
tion was done with DIG High Prime DNA Labeling and Detection Starter Kit II
(Roche Diagnostics GmbH, Mannheim, Germany). DNA probes were obtained
by PCR with primers hph-f and hph-r (see Table S1 in the supplemental mate-
rial), and labeling and detection were done according to the manufacturer’s
protocol.
Crossing experiments. Mycelial plugs (2 mm) of strains carrying either a
mating-type gene mutation or a mutation leading to a change in spore color
(strain fus1-1) were placed on opposite sides of a plate containing full medium
(BMM) (Table 1). After 7 days of incubation at 27°C, perithecia were isolated
from the touching zone of both mycelia. From perithecia containing ascospores
of both spore colors (WT/fus1-1), 100 spores were isolated and, after germina-
tion, transferred to medium containing hygromycin as a selection marker. The
different progeny (resistant/nonresistant, WT/fus) were counted and analyzed
according to Lee et al. (45). Crossing experiments between different mating-type
mutants were done using one strain carrying only the mating-type gene mutation
and another strain carrying a spore color mutation (fus1-1).
Quantitative real-time PCR. After 5 days of growth on SWG, RNA was
prepared using Trizol (Invitrogen Life Technologies) according to Elleuche and
Po¨ggeler (20) and the integrity of the RNA was verified by agarose gel electro-
phoresis. Reverse transcription of 1 g total RNA for real-time PCR was done
according to Nowrousian et al. (55), using 400 U Superscript III (Invitrogen) and
0.25 M deoxynucleoside triphosphates. Real-time PCR was performed in an
Eppendorf Realplex2 Mastercycler with qPCR Master-Mix Plus for Sybr green
(Eurogentec, Belgium) in a volume of 20 l. PCR conditions were as follows:
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min,
followed by a melting curve analysis. For the specific primer pairs used for
real-time PCR, see Table S1 in the supplemental material. Amplification of a
part of the SSUr RNA with primer pair SSU-f/SSU-r was used as a reference for
the normalization of threshold cycle values (65). For each strain and primer pair,
real-time experiments were carried out thrice in triplicate with biologically in-
dependent samples.
Microarray hybridization. N. crassa microarrays with 10,910 70-mer oligonu-
cleotides corresponding to predicted open reading frames (ORFs) were used
(75). RNA isolation was accomplished as described previously (55), after incu-
bation of S. macrospora strains for 4 and 5 days on SWG. Poly(A) RNA was
isolated with the polyATtract kit (Promega) according to the manufacturer’s
protocol. Microarray targets from S. macrospora were made by reverse transcrip-
TABLE 1. Segregation of markers in the progeny of different-
mating-type mutants and the self-fertile spore color mutant
fus1-1, which produces brown spores
Mutant
strain
No. of progeny of each phenotypea
Parental Recombinant
Total
HygR/fus HygS/fus HygS/fus HygR/fus
Smta-1 24 31 28 22 105
SmtA-1 29 17 32 21 99
SmtA-2 16 21 23 15 75
SmtA-3 31 25 23 24 115
a Markers that were tested for are hygromycin B resistance (HygR/HygS for
resistance/sensitivity) and spore color (fus/fus for black/brown spores). The
segregation pattern fits a 1:1:1:1 ratio; P value, 0.015.
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tion with Superscript II reverse transcriptase (Gibco) in the presence of amino-
allyl-dUTP (Sigma) from 1-g aliquots of poly(A) RNA.
The dyes Alexa555 and Alexa647 (Invitrogen catalog no. A-32755) were cou-
pled to the cDNA in the presence of 7.5 mg/ml sodium bicarbonate buffer. The
cDNA was subsequently cleaned by using the Illustra Cyscribe GFX purification
kit (Amersham/GE catalog no. 27-9606-02).
Before prehybridization slides were treated with 600 mJ UV light and pre-
treated with the Pronto Background Reduction kit (Corning; catalog no.40029).
Slides were prehybridized in 5 SSC (1 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)–0.1% sodium dodecyl sulfate (SDS)–1.0% bovine serum albumin
for 1 h at 42°C, washed, and spin dried. Following slide prehybridization, labeled
cDNA was resuspended in 36 l of hybridization solution (25% formamide, 5
SSC, 0.1% SDS, 0.1 g/l single-stranded DNA, 0.2 g/l tRNA) and the
suspension was heated at 95°C for 5 min and subsequently transferred into the
space between a microarray slide and a LifterSlip cover glass (Erie Scientific,
Portsmouth, NH). Hybridization was carried out for 16 h at 42°C in a Boekel
InSlide Out Hybridization Oven, and unbound DNA was washed off according to
the manufacturer’s instructions for Corning Ultra GAPS slides. A GMS 418
Scanner was used to acquire images, and Scanalyze software (Michael Eisen,
http://rana.lbl.gov/EisenSoftware.htm) was used to quantify hybridization signals.
The resulting data files were further analyzed with Excel (Microsoft), Biocon-
ductor project (28), and the MultiExperimentViewer (MeV) (69). Statistical
analysis was carried out in the R computing environment (version 2.7.2). using
the Linear Model for Microarray Data package (73). Data were normalized and
scaled between the arrays using variance stabilization and calibration for mi-
croarray data (34), and the differential expression of genes was determined by an
empirical Bayes approach within LIMMA. The R protocol was used according to
Nowrousian et al. (52) with targets (WT, A1, A2) specified in file target.txt.
Genes were defined as being differentially regulated if they showed a log2 ratio
of 1 or 1 and a P value of 	0.05.
Microscopic investigations. Transformants were inoculated on microscope
slides coated with a thin layer of solid BMM. After incubation at 24°C, the
samples were analyzed using an AxioImager M1 microscope (Zeiss, Jena,
Germany). Images were taken with a Photometrics CoolSNAP HQ2 camera
(Roper Scientific, Photometrics, Tucson, AZ). Recorded images were edited
with MetaMorph (Visitron Systems GmbH, Puchheim, Germany) and Adobe
Photoshop CS2.
Microarray data accession number. Details of experimental procedures, raw
data, and results of statistical analysis of microarray hybridizations were submit-
ted to the public repository ArrayExpress (http://www.ebi.ac.uk/arrayexpress/)
and can be retrieved under accession no. E-MEXP-2600.
RESULTS
Generation and phenotypic analysis of S. macrospora mat-
ing-type gene deletion strains. We generated the SmtA-1,
SmtA-2, and SmtA-3 mutant strains to determine the role
of the MAT1-1-specific mating-type genes. Because the N.
crassa MAT1-1-2/MAT1-1-3 double-deletion mutant displays
reduced fertility compared to the single-deletion mutants (24),
we constructed a SmtA-2/3 double-deletion mutant of S. ma-
crospora. All deletion strains were generated by gene replace-
ment as described in Materials and Methods. Linear fragments
were amplified by PCR and transformed into the S. macrospora
ku70 strain, which is impaired in the repair of DNA double-
strand breaks and has been shown to be an ideal recipient
strain for gene targeting experiments (62). Because S. macro-
spora primary transformants are often heterokaryotic, we iso-
lated single spore isolates to segregate the WT and mutant
alleles of the MAT genes in a ku70 background. Strains that
were homokaryotic for the desired MAT gene deletion and
carried the ku70 deletion were further crossed against spore
color mutant strain fus1-1. Using conventional genetic analysis,
we isolated hygromycin-resistant spores without the ku70
(nourseothricin-resistant) background, indicating that the
MAT locus is not closely linked to ku70 and that none of the
MAT1-1-specific genes is essential.
PCR amplification with primer pairs specific for external
flanking regions in combination with primers specific for the
integrated hph cassette confirmed the integration of the hygro-
mycin resistance cassette in the desired MAT gene and the
absence of WT nuclei in the single-spore isolates (see Fig. S1
in the supplemental material). Southern blot hybridization
with an immunolabeled probe specific for the hph cassette also
confirmed the homologous integration without the presence of
any heterologous integrated copies of the deletion construct
(see Fig. S1 in the supplemental material).
Compared to the WT, the single-deletion strains and the
SmtA-2/3 double-deletion strain showed no change in vege-
tative morphology, growth rate (mean, 1.5 cm/day on BMM at
28°C), or dry weight (mean, 3.5 g after 5 days on BMM at
28°C). The development of sexual reproductive structures in
the different mutant strains was analyzed on fructification
medium (SWG). All of the mutants showed the formation of
ascogonia after 3 days, and these developed into fruiting-
body precursors (protoperithecia) after 5 days (Fig. 2). The
SmtA-1 and SmtA-3 mutant strains produced the same
number of perithecia as the WT, containing mature, viable
ascospores at day 7 of development. However, even after in-
cubation for a longer time, mature perithecia were not ob-
served in the SmtA-2 mutant strain or in the SmtA-2/3
double-mutant strain (Fig. 2). The SmtA-2 and SmtA-2/3
mutant strains are blocked in sexual development at the stage
of early protoperithecium formation and are therefore sterile.
Both mutants produced only protoperithecia with a diameter
of 	100 m that did not contain any croziers or ascus initials
(data not shown).
The phenotype of the SmtA-2 and SmtA-2/3 strains is
similar to that of sterile S. macrospora pro mutants blocked at
the stage of protoperithecium formation and mutant Smta-1,
which have been described previously (47, 52, 55, 64, 65).
Complementation analysis of SmtA-2 and SmtA-2/3 was
performed by transformation with a plasmid carrying a
genomic fragment comprising the SmtA-2 or SmtA-3 gene un-
der the control of its own 5 and 3 regulatory elements, re-
sulting in strain SmtA-2:SmtA-2ect, SmtA-2/3:SmtA-2ect, or
SmtA-2/3:SmtA-3ect carrying SmtA-2 or SmtA-3 integrated
ectopically under the control of the native promoter. As shown
in Fig. 2, the sterile phenotype of SmtA-2 is complemented
by the reintroduction of SmtA-2. The same is true for SmtA-
2/3, while the reintroduction of SmtA-3 into SmtA-2/3 causes
no change in phenotype in independent transformation exper-
iments (data not shown). Therefore, the sterility of SmtA-2/3
is clearly due to the deletion of SmtA-2.
Crosses between the mating-type mutants and a self-fer-
tile spore color mutant strain (fus1-1) were set up to deter-
mine whether the fertile (SmtA-1 and SmtA-3) and ster-
ile (SmtA-2 and Smta-1) mating-type mutant strains were
able to outcross to the tester strain. All outcrosses with the
self-fertile tester strain produced mature hybrid perithecia in
the contact zone. The number of fertile asci per perithecium
(120 to 150) was about the same as in the WT. The perithecia
contained asci with complete tetrads of eight ascospores that
segregated in each case in a 1:1 ratio for resistance to hygro-
mycin B and for brown spore color (Table 1).
In S. macrospora, different sterile mutants are usually able to
outcross with each other; after hyphal fusion, the resulting
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heterokaryons contain a functional copy of each mutated gene,
which in most cases is sufficient to allow fruiting body de-
velopment. As expected, crosses between different mating-
type mutants showed that SmtA-2 and Smta-1 are able to
outcross with the fertile mating-type mutants SmtA-1 and
SmtA-3 and produce mature perithecia and viable asco-
spores. However, crosses between SmtA-2 and Smta-1 re-
sulted in no perithecia or ascospores (data not shown). This
means that these two mutations cannot complement each
other. One reason for this might be that both proteins are
essential for hyphal fusion and therefore the two mutants are
not able to form a heterokaryon and thus remain sterile. An-
other possibility is that the mutants are able to form a hetero-
karyon but both genes must be present in the same nucleus (in
contrast to presence in the same cytoplasm, which would be the
case in a heterokaryon) to be functional.
Transcriptional expression of pheromone genes and their
cognate receptors. It has been shown that pheromone precur-
sor genes and their cognate receptors are involved in sexual
development in S. macrospora (48). In the heterothallic rela-
tive N. crassa, pheromone precursor genes are expressed in a
mating-type-specific manner. The homolog of the S. macro-
spora a-factor-like ppg2 gene, mfa-1, is expressed in MAT1-2
(mat a) strains, whereas ccg-4, the homolog of S. macrospora
-factor-like ppg1, is expressed in MAT1-1 (mat A) strains (6).
Because SmtA-2 has a sterile phenotype and homologs of 
domain protein SMTA-1 are involved in sexual development in
other ascomycetes (16), we examined the effects of the  do-
main protein SMTA-1 and the PPF domain protein SMTA-2
on the expression of the pheromone and receptor genes. We
used quantitative real-time PCR to compare the mRNA ex-
pression levels of the four genes in SmtA-1 and SmtA-2
versus the WT strain. Real-time PCR experiments were done
in triplicate with RNA prepared from mycelia independently
grown for 5 days on SWG (Fig. 3). We previously showed that
pheromone and receptor genes are well expressed at this time
of development (48).
In the SmtA-1 mutant, the transcript levels of ppg1 and
ppg2 were significantly downregulated compared to those in
the WT strain. On average, the amounts of the ppg1 and ppg2
mRNAs were reduced about 60-fold and about 16-fold, respec-
tively. In contrast, the transcript levels of ppg2 in SmtA-2
were increased significantly (20-fold) compared to those in the
WT strain, whereas ppg1 was not regulated differently (Fig. 3).
FIG. 2. Sexual development of the WT and deletion mutants SmtA-1, SmtA-2, SmtA-2/3, and SmtA-3. Note the complete absence of
perithecia in SmtA-2 and SmtA-2/3 and the WT-like development of SmtA-2 carrying an ectopically integrated SmtA-2 copy. Strains were
grown on SWG at 24°C, and pictures of the sexual structures ascogonia, protoperithecia, and perithecia and asci (not SmtA-2 and SmtA-2/3)
were taken after 3, 5, and 7 days of growth on SWG.
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These results indicate that the mating-type protein SMTA-1
acts as a positive regulator of the expression of both phero-
mone precursor genes ppg1 and ppg2, whereas SMTA-2 has
negative effects on the expression of ppg2. Similar to SMTa-1
(65), neither of the mating-type proteins had a clear effect on
the expression of the pheromone receptors (Fig. 3).
Cross-species microarray analysis of SmtA-1 and SmtA-2.
Earlier, we found that cross-species microarray hybridizations
with S. macrospora targets on N. crassa microarrays can be
used to identify developmentally regulated genes of S. macro-
spora since the overall identity between the exon sequences of
the two species is about 89.5% (55, 56, 65). To identify differ-
entially regulated genes in the mating-type mutants, we used
cross-species microarray hybridizations with targets derived
from the S. macrospora WT, SmtA-1, and SmtA-2 strains on
N. crassa 70-mer oligonucleotide arrays carrying 10,910 probes
corresponding to the predicted 10,526 ORFs and to intergenic
or telomeric regions of N. crassa (75).
The targets were derived from S. macrospora mycelia grown
for 4 to 5 days. At this stage, WT protoperithecia begin to
develop into mature perithecia whereas the protoperithecia of
SmtA-2 do not develop any further. This stage of develop-
ment had already been used to successfully compare the ex-
pression of the WT and other sterile mutant strains (e.g., pro
mutants and the Smta-1 mutant) by means of cross-species
microarray analyses (55, 65).
Genes were defined as differentially expressed if they showed a
2-fold up- or downregulation with a P value of 	0.05 in the
mutant compared to the WT in both independent experiments
(52). Compared to the WT, 73 genes were upregulated and 905
genes were downregulated in the SmtA-1 strain and 111
genes were upregulated and 743 genes were downregulated in
the SmtA-2 strain. The genes that were regulated differen-
tially in the SmtA-1 and SmtA-2 strains were further ana-
lyzed with the FunCat database (68). Genes with known or
putative functions were sorted into 17 functional categories. In
both mutants, the differentially regulated genes cover a broad
range of functional categories not restricted to special physio-
logical or metabolic functions (see Fig. S2 in the supplemental
material). We found 311 genes to be significantly regulated
only in the sterile mutant SmtA-2 but not in SmtA-1, sug-
gesting that these genes might be involved directly or indirectly
in sexual development processes (see Table S3 in the supple-
mental material). Interestingly, a large number of genes are
regulated in SmatA-1 and SmtA-2 in the same way. In total,
23 genes were comparably upregulated and 497 were down-
regulated in both mutants (see Table S4 in the supplemental
material) (Fig. 4).
To confirm the results of the microarray experiments, we ana-
lyzed the expression levels of different genes in the SmtA-1 and
SmtA-2 mutants by quantitative real-time PCR. First, we ana-
lyzed the expression levels of four different genes involved in
melanin biosynthesis: a polyketide synthase gene (pks), a scyta-
lone dehydratase gene (sdh), a tetrahydroxynaphthalene re-
ductase gene (teh), and a trihydroxynaphthalene reductase
gene (tih) (22). In comparison to the WT, none of these genes
was differentially regulated in SmtA-1 whereas sdh, the, and
tih are significantly downregulated in SmtA-2 (see Fig. S3 in
the supplemental material). The polyketide synthase gene
(pks) was not affected in either mutant. We also analyzed two
genes involved in copper homeostasis, sod-2 and ctr-3 (7). Both
genes were significantly downregulated in fertile SmtA-1, as
well as in sterile SmtA-2, but downregulation was stronger in
SmtA-2 (see Fig. S3 in the supplemental material). Further-
more, we checked the expression levels of the gene encoding a
subunit of the origin recognition complex (orc-3) involved in
cell proliferation (3). This gene was exclusively downregulated
in the SmtA-2 mutant (Fig. 4B). The expression level of orc-3
was about 5-fold downregulated in SmtA-2 but not in
SmtA-1 (see Fig. S3 in the supplemental material). For all
three genes, sod-2, ctr-3, and orc-3, these results were in ac-
cordance with the microarray results.
DISCUSSION
A PPF domain protein but not an  domain protein is
required for sexual reproduction in S. macrospora. The forma-
tion of fruiting bodies in homothallic S. macrospora is an apan-
drous process and lacks the interaction of two strains of op-
FIG. 3. Quantitative real-time PCR analysis of the pheromone pre-
cursor genes ppg1 and ppg2 and their cognate receptors pre1and pre2 in
SmtA-1 (A), SmtA-2 (B), and Smta-1 (C) compared to the WT.
Ratios are given as logarithmic values (base 2) and are means of three
independent experiments. Means were calculated with REST (58).
The pheromone genes ppg1 and ppg2 in SmtA-1 and ppg2 in SmtA-2
(dark bars) are significantly regulated (P values of 0.001, 0.008, and
0.001, respectively, determined with REST [58]). Shown are averages
of three independent experiments 
 the standard deviation.
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FIG. 4. Cross-species microarray analysis. (A) Numbers of genes that were found in cross-species microarray experiments to be up- or
downregulated in SmtA-1 and SmtA-2, respectively. Genes that were found to be regulated the same way in both mutants compared to the WT
are dark gray; genes that are regulated solely in one mutant are light gray. (B) Comparison of 60 genes that are the most strongly regulated in at
least one mutant. According to the diagram, 30 are regulated the same way in both mutants (I), 24 are regulated exclusively in one mutant (II),
and 2 are regulated the opposite way (III). Analysis was done with MultiExperimentViewer (MeV) (69).
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posite mating types. Similar to other homothallic ascomycetes,
the mating-type locus of S. macrospora contains counter-
parts of the sordariomycete MAT genes MAT1-1-1, MAT1-
1-2, MAT1-1-3, and MAT1-2-1 (44, 59) (Fig. 1). Because the
four homothallic Neurospora species N. africana, N. dodgei,
N. galapagosensis, and N. lineolata contain only MAT1-1-
specific genes and no sequences homologous to MAT1-2 (29,
30) (Fig. 1), it has been predicted that the minimal mating-
type structure of homothallic sordariomycetes should be
MAT1-1-1, MAT1-1-2, and at least one HMG-encoding gene
(either MAT1-2-1 or MAT1-1-3) (17). A. nidulans, the best-
studied species of homothallic Eurotiomycetes, carries two un-
linked counterparts of MAT1-1-1 (SmtA-1) and MAT1-2-1
(Smta-1) (26) in its genome (Fig. 1), and both genes were
shown to be involved in sexual development (57, 67).
Although SMTA-1 (MAT1-1-1) and SMTa-1 (MAT1-2-1)
have been shown to interact physically (37), we demonstrate
here that deletion of the  domain gene SmtA-1 does not affect
sexual reproduction in S. macrospora, in contrast to the dele-
tion of HMG domain gene Smta-1 (65). To the best of our
knowledge, this is the first report on an ascomycete that carries
an  domain gene at its MAT locus but does not require the
protein for sexual development. Our result implies that S.
macrospora is apparently able to complete the sexual cycle with
only one HMG domain protein.
In this, S. macrospora resembles the mating-type situation of
a group of fungi that diverged early, the Zygomycota. Here, it
was recently demonstrated that MAT loci contain solely HMG-
type genes (36) (Fig. 1). It was therefore proposed that an
HMG domain-encoding gene was the ancestral state of the
MAT locus for both heterothallic Zygomycota and the more
highly evolved Ascomycota and Basidiomycota. The latter ac-
quired  domain genes and homeodomain genes during evo-
lution (10, 19, 36). The results shown here suggest that in
homothallic S. macrospora only the ancestral HMG domain
gene retained its function in sexual development while the
conserved  domain gene is no longer needed for reproduc-
tion.
A MAT1-1-2 gene encoding a PPF domain protein is con-
sistently present in all Sordariomycetes, but no homolog has
been identified outside this taxon. Here we show that S. mac-
rospora SmtA-2 (MAT1-1-2) plays an essential role in sexual
development and reproduction. Like MAT1-1-2 proteins from
other Sordariomycetes, SMTA-2 contains a conserved motif
that has been termed the PPF domain (16, 17). Overall, how-
ever, MAT1-1-2 proteins are not well conserved. S. macrospora
SMTA-2 shows only 72.1% and 22.9% identity to MAT1-1-2 of
N. crassa and P. anserina, respectively. Therefore, it is not
surprising that the mutant phenotype of SmtA-2 can be com-
plemented only by the S. macrospora SmtA-2 gene and not by
its N. crassa or P. anserina homolog (data not shown).
The sterile phenotype of SmtA-2 resembles that of MAT1
mutants of homothallic Gibberella zeae. Deletion of three
MAT1-1-specific mating-type genes rendered G. zeae self-ster-
ile. However, because all three MAT1-1-specific genes, includ-
ing the SmtA-2 orthologue, were deleted it cannot be deter-
mined which gene causes the self-sterility of a MAT1-1
mutant G. zeae strain (45).
Interestingly, G. zeae MAT1-1 (deletion of all MAT1-1-
specific genes) and MAT1-2 (deletion of MAT1-2-1) mutants
were able to outcross to a self-fertile WT strain and both
deletion strains can be crossed with each other in a hetero-
thallic manner (45). When S. macrospora Smta-1, SmtA-2,
or SmtA-1 was crossed with a self-fertile spore color mutant,
mature perithecia were formed at the intersection between the
two parents. In each of those crosses, the spore color marker
and the hygromycin resistance segregated in a 1:1 ratio within
the progeny analyzed. Crossing of sterile Smta-1 and fertile
SmtA-1 resulted in perithecia and ascospores, but crossing of
the sterile Smta-1 strain and the sterile SmtA-2 strain did
not result in perithecium formation. It is therefore possible
that the two deletions affect a single function or pathway (32).
Either both proteins are essential for hyphal fusion and dele-
tion of both prevents heterokaryon formation, or both genes
must be present in the same nucleus to be functional. Inter-
estingly, nucleus-restricted expression of mating-type genes
was demonstrated in P. anserina for the HMG domain gene
MAT1-1-3 (SMR2) (77).
Given that SMTa-1 is one of the main regulators of mating
and might be involved in the orchestration of internuclear
recognition and nuclear migration, similar to its counterpart
FPR1 (MAT1-2-1) in P. anserina, it could also be considered to
induce developmental arrest at this stage (77). In this case, it
could be that SMTA-2 has to be present in the same nucleus
to override the developmental block induced by SMTa1. In
a combination where the two proteins are present in differ-
ent nuclei, the developmental arrest might not be overcome
(Fig. 5).
No phenotype was detected in a SmtA-3 strain, and all
phenotypic differences from the WT in a SmtA-2/3 double-
deletion mutant were shown to be caused by the deletion of
SmtA-2 alone; therefore, SmtA-3 seems to encode a protein
not essential for sexual reproduction. However, the gene might
have regulatory functions, maybe as a kind of cis-regulatory
element, associated with coexpression with Smta-1 (61).
Expression of the pheromone precursor genes is controlled
by the MAT1-1-specific mating-type proteins SMTA-1 and
SMTA-2. In ascomycetes, two types of pheromone precursor
genes and receptor genes are present in the same genome and
it has been shown that expression of these genes in the yeast S.
cerevisiae is regulated directly by the mating-type proteins (33).
Similarly, heterothallic filamentous ascomycetes such as N.
crassa and P. anserina express pheromone genes in a mating-
type-dependent manner. Furthermore, pheromone genes are
essential for male fertility in heterothallic ascomycetes (6, 14,
40). In P. anserina, mating-type genes activate their specific
pheromone gene and repress the complementary pheromone
gene (14). In contrast, transcription of pheromone receptor
genes was shown to be mating type independent in heterothal-
lic N. crassa (63). However, both pheromone genes and their
cognate receptor genes are constitutively expressed in S. ma-
crospora and in other homothallic ascomycetes (41, 57, 60, 63).
In an earlier study, we showed that single-pheromone and
-receptor mutant strains are not impaired in vegetative or
sexual development. However, double-deletion strains lack-
ing any compatible pheromone-receptor pair (pre2/ppg2 or
pre1/ppg1) and the double-pheromone mutant (ppg1/ppg2)
display a drastically reduced number of perithecia and sexual
spores, whereas deletion of both receptors genes (pre1/pre2)
completely eliminates fruiting-body and ascospore formation
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(48). This suggests that, in the absence of one of the two
expressed pheromone-receptor pairs, the remaining phero-
mone-receptor pair can compensate for the loss of the other.
Here, we show that in SmtA-1 pheromone genes, ppg1 and
ppg2 are 60-fold and 16-fold downregulated, respectively, while
the expression of receptor genes was not significantly changed.
The rather strong downregulation of both pheromone genes
does not in any way impair sexual reproduction in SmtA-1.
Thus, the expression of ppg1 and ppg2 may still be above a
threshold that is sufficient for normal fruiting-body and asco-
spore production. This is consistent with the previous finding
that the deletion of both pheromone genes leads to a reduction
in perithecium formation but not to complete sterility, suggest-
ing that S. macrospora can bypass the need for pheromones but
not for the corresponding receptors for sexual development
(48).
In contrast to SmtA-1, the S. macrospora Smta-1 mutant
lacking the MAT1-2-specific HMG transcription factor SMTa-1
displayed only a drastic reduction of ppg2 lipopeptide gene
expression, whereas the peptide pheromone gene ppg1 was not
affected (Fig. 3 and 5). This indicates that SMTa-1 has only a
strong direct or indirect impact on the activation of ppg2 gene
expression (65) and the  domain protein SMTA-1, to a lesser
extent, directly or indirectly activates both pheromone genes.
Previously, two-hybrid analyses and in vitro assays revealed that
SMTa-1 and SMTA-1 are capable of physically interacting
(37). Thus, our data suggest that a heterodimer of SMTa-1 and
SMTA-1 is involved in the activation of ppg2 expression,
whereas only SMTA-1 is required for ppg1 expression.
In the sterile SmtA-2 mutant, ppg2 is upregulated 20-fold
(Fig. 3). However, the increase in ppg2 mRNA levels in
SmtA-2 alone seems not to be responsible for the sterile
phenotype since overexpression of ppg2 in the WT does not
result in sterility (data not shown). In homothallic G. zeae, the
GzPPG1 transcript was not detected in strains with the MAT1-
1-specific or MAT1-2-specific genes deleted. However, the
GzPPG2 transcript increased in the MAT1 strain (41). Be-
cause all three MAT1-1-specific genes have been deleted in the
MAT1 strain, it is not clear whether upregulation of GzPPG2
was caused by the deletion of MAT1-1-1, MAT1-1-2, or MAT1-
1-3 (45). In homothallic A. nidulans, deletion of MAT1-1-1 has
no effect on the expression of the peptide pheromone gene
ppgA or the pheromone receptor genes (57). Taken together,
the stringent mating-type-specific regulation of pheromone
genes present in heterothallic filamentous ascomycetes seems
be more relaxed in homothallic ascomycetes.
The mating-type proteins SMTA-1 and SMTA-2 affect the
expression of several genes, including a common set of genes.
We used a cross-species microarray analysis to examine the
role of the MAT1-1-specific mating-type proteins SMTA-1 and
SMTA-2 in the regulation of genes other than pheromone and
receptor genes. In the SmtA-1 and SmtA-2 mutants, 978
and 853 genes, respectively, showed at least 2-fold alterations
in mRNA abundance (P	 0.05). The majority of the genes are
downregulated in both mutants. Only 7.5% (SmtA-1) and
13.0% (SmtA-2) of the differentially regulated genes are up-
regulated. In S. cerevisiae, the SMTA-1 ortholog 1, together
with the transcription factors Mcm1 and Ste12 (8, 79), activates
the expression of five MAT-specific genes: the pheromone
genes Mfa1 and Mfa2, the a-factor receptor gene STE3, the
agglutinin gene SAG1, and YLR040C (a gene of unknown
function) (27). In S. macrospora, SMTA-1 interacts with the
transcription factors MCM1 and STE12 as well (50, 51), but a
much greater number of genes appears to be regulated by
SMTA-1 than by 1 in S. cerevisiae. However, in contrast to the
yeast study, our microarrays recorded directly and indirectly
regulated genes.
The SMTA-2 protein contains no domain indicative of
a transcription factor and does not interact with the putative
transcription factor SMTA-1 or SMTa-1 or with the associated
transcription factor MCM1 or STE12 (37, 50, 51); however, a
large number of genes were also differentially regulated in the
SmtA-2 mutant. Interestingly, 519 genes were deregulated in
both SmtA-1 and SmtA-2, indicating that both proteins,
despite most probably not interacting directly, are involved in
the same metabolic or developmental processes.
We performed quantitative real-time PCR experiments to
analyze the expression of different sets of genes that are known
to be involved in sexual differentiation processes. For all of the
genes analyzed, these results were in accordance with the mi-
croarray results.
Not surprisingly, our cross-species microarray experiment
FIG. 5. Predicted model of the regulation of sexual development
and pheromone gene expression in S. macrospora by mating-type pro-
teins. The HMG domain protein SMTa-1 is essential for the pairing of
nuclei prior to the formation of dikaryotic ascogenous hyphae and
induces a developmental arrest which is overcome by the PPF domain
protein SMTA-2. SMTA-3 and SMTA-1 are not involved in this pro-
cess. However, the  domain protein SMTA-1 retains some function in
the regulation of pheromone precursor genes. Positive regulation is
shown as an arrow, and negative regulation is shown as a bar.
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revealed that a few genes are regulated in SmtA-2 as in all
other sterile S. macrospora mutants (55, 65). As shown in Table
S5 in the supplemental material, six genes are similarly down-
regulated in all of the sterile S. macrospora mutants that have
been analyzed so far. These include the melanin biosynthesis
gene tih (see Fig. S2 in the supplemental material) and the
app1 gene encoding the abundant perithecial protein APP,
which has been shown to be expressed exclusively at late de-
velopmental stages and not in sterile mutants (54). Two of the
genes regulated in all sterile S. macrospora mutants were also
downregulated in SmtA-1 (see Table S5 in the supplemental
material). Overall, expression of this set of deregulated genes
appears to be fruiting-body development specific rather than
mating-type protein specific.
Model of a regulation network of the mating-type proteins
and other, related factors in S.macrospora. This study revealed
that the  domain-encoding gene SmtA-1 (MAT1-1-1) is not
required for sexual reproduction in the homothallic ascomy-
cete S. macrospora. However, real-time PCR experiments
showed that SMTA-1 has retained some regulatory functions
in the regulation of pheromone genes (Fig. 5). The protein
SMTA-1 has been shown to interact with other factors involved
in mating, like STE12, MCM1, or the mating-type protein
SMTa-1 (50, 51). This may indicate an evolutionary change
from a key regulator of sexual development to a nonessential
factor in S. macrospora.
The mating-type protein SMTA-3 also has no function in
sexual reproduction. It lacks the functional HMG domain of
MAT1-1-3 proteins from other Sordariomycetes. Since SmtA-3
is cotranscribed with Smta-1, a putative regulatory function of
SmtA-3 as a cis element for the expression of Smta-1 cannot be
ruled out (61).
In contrast to SmtA-1 and SmtA-3, SmtA-2 is essential for
sexual reproduction. The molecular function of SMTA-2
(MAT1-1-2) homologs in other members of the class Sordar-
iomycetes is still unknown. However, its biological function was
thoroughly analyzed in P. anserina. Mutations in PaMAT1-1-2
(SMR1) result in a complete arrest of sexual development
after fertilization and before the formation of ascogenous hy-
phae. Therefore, Debuchy et al. (16) suggested that internu-
clear recognition preceding ascogenous hypha formation is
associated with a developmental arrest that is overcome by the
action of PaMAT1-1-2 (16). The sterile phenotype of SmtA-2
implies that this function of SMTA-2 may be conserved in S.
macrospora (Fig. 5). As has been shown previously, the HMG
domain protein SMTa-1 is essential for fruiting-body and as-
cospore formation in S. macrospora (65). In heterothallic mem-
bers of the class Sordariomycetes, the MAT1-2-specific HMG
domain protein (MAT1-2-1) is supposed to control features
specific to the MAT1-2 mating type and to direct recognition
between MAT1-1 and MAT1-2 nuclei prior to the formation of
ascogenous hyphae (16, 77). In P. anserina, MAT1-2 strains
expressing mutated versions of PaMAT1-2-1 (FPR1) are weakly
self-compatible and this suggests that mutations in PaMAT1-2-1
allow the MAT1-2 nuclei to self-recognize (16, 77). It may well
be, therefore, that during evolution, the HMG domain gene
Smta-1 (MAT1-2-1) of homothallic S. macrospora has accumu-
lated mutations allowing self-recognition and therefore mak-
ing the function of SMTA-1 (MAT1-1-1) superfluous. This, in
turn, would also mean that deletion of Smta-1 blocks nuclear
recognition and therefore the formation of ascogenous hyphae
und fruiting bodies (Fig. 5).
In contrast to S. macrospora, homothallic A. nidulans re-
quires the  domain gene MAT1-1-1 for sexual reproduction
(57); however, a PPF domain gene is not present in the A.
nidulans mating-type locus or elsewhere in the genome. Thus,
our results suggest that the minimal mating-type structure of
homothallic ascomycetes is at least one HMG gene and one
other gene, either an  domain gene (MAT1-1-1) or a PPF
domain gene (MAT1-1-2) (17).
In conclusion, our study revealed that the  domain protein
SMTA-1 (MAT1-1-1) is not required for sexual reproduction
of the homothallic ascomycete S. macrospora. Instead, we were
able to demonstrate that the PPF domain protein SMTA-2
plays a key role in the regulation of sexual reproduction. It
remains unclear whether the regulatory function of SmtA-1 has
been lost or whether it was replaced by other factors like
Smta-1 or even SmtA-2. Together, mating-type proteins of
homothallic S. macrospora appear to control sexual reproduc-
tion by regulating a variety of essential cellular processes. Fur-
ther studies are necessary to elucidate the molecular mecha-
nism underlying this complex regulatory network.
ACKNOWLEDGMENTS
We thank Swenja Ellßel for excellent technical assistance. We are
grateful to Ursel Ku¨es and Gerhard Braus for helpful suggestions and
critical reading of the manuscript.
This work was funded by the Deutsche Forschungsgemeinschaft,
Bonn, Germany (PO523/3-2 and NO 407/2-1).
REFERENCES
1. Astell, C. R., L. Ahlstrom-Jonasson, M. Smith, K. Tatchell, K. A. Nasmyth,
and B. D. Hall. 1981. The sequence of the DNAs coding for the mating-type
loci of Saccharomyces cerevisiae. Cell 27:15–23.
2. Bardwell, L. 2005. A walk-through of the yeast mating pheromone response
pathway. Peptides 26:339–350.
3. Bell, S. P., and A. Dutta. 2002. DNA replication in eukaryotic cells. Annu.
Rev. Biochem. 71:333–374.
4. Bender, A., and G. F. J. Sprague. 1989. Pheromones and pheromone recep-
tors are the primary determinants of mating specificity in the yeast Saccha-
romyces cerevisiae. Genetics 121:463–476.
5. Blakeslee, A. 1904. Sexual reproduction in the Mucorinae. Proc. Am. Acad.
Sci. 40:205–319.
6. Bobrowicz, P., R. Pawlak, A. Correa, D. Bell-Pedersen, and D. J. Ebbole.
2002. The Neurospora crassa pheromone precursor genes are regulated by
the mating type locus and circadian clock. Mol. Microbiol. 45:795–804.
7. Borghouts, C., C. Q. Scheckhuber, A. Werner, and H. D. Osiewacz. 2002.
Respiration, copper availability and SOD activity in P. anserina strains with
different lifespan. Biogerontology 3:143–153.
8. Bruhn, L., and G. F. J. Sprague. 1994. MCM1 point mutants deficient in
expression of alpha-specific genes: residues important for interaction with
alpha 1. Mol. Cell. Biol. 14:2534–2544.
9. Carroll, A. M., J. A. Sweigard, and B. Valent. 1994. Improved vectors for
selecting resistance to hygromycin. Fungal Genet. Newslett. 41:22.
10. Casselton, L. A. 2008. Fungal sex genes—searching for the ancestors. Bioes-
says 30:711–714.
11. Chang, S., and C. Staben. 1994. Directed replacement of mt A by mt a-1
effects a mating type switch in Neurospora crassa. Genetics 138:75–81.
12. Christianson, T. W., R. S. Sikorski, M. Dante, J. H. Shero, and P. Hieter.
1992. Multifunctional yeast high-copy-number shuttle vectors. Gene 110:
119–122.
13. Colot, H. V., G. Park, G. E. Turner, C. Ringelberg, C. M. Crew, L.
Litvinkova, R. L. Weiss, K. A. Borkovich, and J. C. Dunlap. 2006. A high-
throughput gene knockout procedure for Neurospora reveals functions for
multiple transcription factors. Proc. Natl. Acad. Sci. U. S. A. 103:10352–
10357.
14. Coppin, E., C. de Renty, and R. Debuchy. 2005. The function of the coding
sequences for the putative pheromone precursors in Podospora anserina is
restricted to fertilization. Eukaryot. Cell 4:407–420.
15. Debuchy, R., S. Arnaise, and G. Lecellier. 1993. The mat- allele of Podospora
anserina contains three regulatory genes required for the development of
fertilized female organs. Mol. Gen. Genet. 241:667–673.
VOL. 9, 2010 MAT1-1 MATING-TYPE GENES OF SORDARIA MACROSPORA 903
16. Debuchy, R., V. Berteaux-Leceleir, and P. Silar. 2010. Mating systems and
sexual morphogenesis in ascomycetes, p. 501–535. In K. A. Borkovich and
D. J. Ebbole (ed.), Cellular and molecular biology of filamentous fungi. ASM
Press, Washington, DC.
17. Debuchy, R., and B. G. Turgeon. 2006. Mating-type structure, evolution, and
function in euascomycetes, p. 293–323. In U. Ku¨es and R. Fischer (ed.), The
Mycota, vol. I. Growth, differentiation and sexuality. Springer, Berlin, Ger-
many.
18. Dolan, J. W., and S. Fields. 1991. Cell-type-specific transcription in yeast.
Biochim. Biophys. Acta 1088:155–169.
19. Dyer, P. S. 2008. Evolutionary biology: genomic clues to original sex in fungi.
Curr. Biol. 18:R207–R209.
20. Elleuche, S., and S. Po¨ggeler. 2009. Beta-carbonic anhydrases play a role in
fruiting body development and ascospore germination in the filamentous
fungus Sordaria macrospora. PLoS One 4:e5177.
21. Elleuche, S., and S. Po¨ggeler. 2008. Visualization of peroxisomes via SKL-
tagged DsRed protein in Sordaria macrospora. Fungal Genet. Rep. 55:9–12.
22. Engh, I., M. Nowrousian, and U. Ku¨ck. 2007. Regulation of melanin bio-
synthesis via the dihydroxynaphthalene pathway is dependent on sexual
development in the ascomycete Sordaria macrospora. FEMS Microbiol. Lett.
275:62–70.
23. Esser, K. 1982. Cryptogams—cyanobacteria, fungi, algae, lichens. Cam-
bridge University Press, London, United Kingdom.
24. Ferreira, A. V., Z. An, R. L. Metzenberg, and N. L. Glass. 1998. Character-
ization of mat A-2, mat A-3 and deltamatA mating-type mutants of Neuro-
spora crassa. Genetics 148:1069–1079.
25. Ferreira, A. V., S. Saupe, and N. L. Glass. 1996. Transcriptional analysis of
the mtA idiomorph of Neurospora crassa identifies two genes in addition to
mtA-1. Mol. Gen. Genet. 250:767–774.
26. Galagan, J. E., S. E. Calvo, C. Cuomo, L. J. Ma, J. R. Wortman, S. Batzo-
glou, S. I. Lee, M. Bastu¨rkmen, C. C. Spevak, J. Clutterbuck, V. Kapitonov,
J. Jurka, C. Scazzocchio, M. Farman, J. Butler, S. Purcell, S. Harris, G. H.
Braus, O. Draht, S. Busch, C. D’Enfert, C. Bouchier, G. H. Goldman, D.
Bell-Pedersen, S. Griffiths-Jones, J. H. Doonan, J. Yu, K. Vienken, A. Pain,
M. Freitag, E. U. Selker, D. B. Archer, M. A. Pen˜alva, B. R. Oakley, M.
Momany, T. Tanaka, T. Kumagai, K. Asai, M. Machida, W. C. Nierman,
D. W. Denning, M. Caddick, M. Hynes, M. Paoletti, R. Fischer, B. Miller, P.
Dyer, M. S. Sachs, S. A. Osmani, and B. W. Birren. 2005. Sequencing of
Aspergillus nidulans and comparative analysis with A. fumigatus and A. oryzae.
Nature 438:1105–1115.
27. Galgoczy, D. J., A. Cassidy-Stone, M. Llina´s, S. M. O’Rourke, I. Herskowitz,
J. L. DeRisi, and A. D. Johnson. 2004. Genomic dissection of the cell-type-
specification circuit in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
U. S. A. 101:18069–18074.
28. Gentleman, R. C., V. J. Carey, D. M. Bates, B. Bolstad, M. Dettling, S.
Dudoit, B. Ellis, L. Gautier, Y. Ge, J. Gentry, K. Hornik, T. Hothorn, W.
Huber, S. Iacus, R. Irizarry, F. Leisch, C. Li, M. Maechler, A. J. Rossini, G.
Sawitzki, C. Smith, G. Smyth, L. Tierney, J. Y. Yang, and J. Zhang. 2004.
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol. 5:R80.
29. Glass, N. L., J. Grotelueschen, and R. L. Metzenberg. 1990. Neurospora
crassa A mating-type region. Proc. Natl. Acad. Sci. U. S. A. 87:4912–4916.
30. Glass, N. L., S. J. Vollmer, C. Staben, J. Grotelueschen, R. L. Metzenberg,
and C. Yanofsky. 1988. DNAs of the two mating-type alleles of Neurospora
crassa are highly dissimilar. Science 241:570–573.
31. Grosschedl, R., K. Giese, and J. Pagel. 1994. HMG domain proteins: archi-
tectural elements in the assembly of nucleoprotein structures. Trends Genet.
10:94–100.
32. Hartman, J. L., 4th, B. Garvik, and L. Hartwell. 2001. Principles for the
buffering of genetic variation. Science 291:1001–1004.
33. Herskowitz, I. 1989. A regulatory hierarchy for cell specialization in yeast.
Nature 342:749–757.
34. Huber, W., A. von Heydebreck, H. Su¨ltmann, A. Poustka, and M. Vingron.
2002. Variance stabilization applied to microarray data calibration and to the
quantification of differential expression. Bioinformatics 18(Suppl. 1):S96–
S104.
35. Hull, C. M., and A. D. Johnson. 1999. Identification of a mating type-like
locus in the asexual pathogenic yeast Candida albicans. Science 285:1271–
1275.
36. Idnurm, A., F. J. Walton, A. Floyd, and J. Heitman. 2008. Identification of
the sex genes in an early diverged fungus. Nature 451:193–196.
37. Jacobsen, S., M. Wittig, and S. Po¨ggeler. 2002. Interaction between mating-
type proteins from the homothallic fungus Sordaria macrospora. Curr. Genet.
41:150–158.
38. James, P., J. Halladay, and E. A. Craig. 1996. Genomic libraries and a host
strain designed for highly efficient two-hybrid selection in yeast. Genetics
144:1425–1436.
39. Kanematsu, S., Y. Adachi, and T. Ito. 2007. Mating-type loci of heterothallic
Diaporthe spp.: homologous genes are present in opposite mating-types.
Curr. Genet. 52:11–22.
40. Kim, H., and K. A. Borkovich. 2006. Pheromones are essential for male
fertility and sufficient to direct chemotropic polarized growth of trichogynes
during mating in Neurospora crassa. Eukaryot. Cell 5:544–554.
41. Kim, H. K., T. Lee, and S. H. Yun. 2008. A putative pheromone signaling
pathway is dispensable for self-fertility in the homothallic ascomycete Gib-
berella zeae. Fungal Genet. Biol. 45:1188–1196.
42. Kothe, E. 2008. Sexual attraction: on the role of fungal pheromone/receptor
systems. Acta Microbiol. Immunol. Hung. 55:125–143.
43. Ku¨ck, U., and B. Hoff. 2006. Application of the nourseothricin acetyltrans-
ferase gene (nat1) as dominant marker for the transformation of filamentous
fungi. Fungal Genet. Newsl. 53:9–11.
44. Ku¨ck, U., S. Po¨ggeler, M. Nowrousian, N. Nolting, and I. Engh. 2009.
Sordaria macrospora, a model system for fungal development, p. 17–39. In T.
Anke and D. Weber (ed.), The Mycota. Physiology and genetics: selected
basic and applied aspects, vol. XV. Springer Verlag, Heidelberg, Germany.
45. Lee, J., T. Lee, Y. W. Lee, S. H. Yun, and B. G. Turgeon. 2003. Shifting fungal
reproductive mode by manipulation of mating type genes: obligatory het-
erothallism of Gibberella zeae. Mol. Microbiol. 50:145–152.
46. Lin, X., and J. Heitman. 2007. Mechanisms of homothallism in fungi and
transitions between heterothallism and homothallism, p. 35–57. In J. Heit-
man, J. W. Kronstad, J. W. Taylor, and L. A. Casselton (ed.), Sex in fungi.
ASM Press, Washington, DC.
47. Masloff, S., S. Po¨ggeler, and U. Ku¨ck. 1999. The pro1() gene from Sordaria
macrospora encodes a C6 zinc finger transcription factor required for fruiting
body development. Genetics 152:191–199.
48. Mayrhofer, S., J. M. Weber, and S. Po¨ggeler. 2006. Pheromones and pher-
omone receptors are required for proper sexual development in the ho-
mothallic ascomycete Sordaria macrospora. Genetics 172:1521–1533.
49. Metzenberg, R. L., and N. L. Glass. 1990. Mating type and mating strategies
in Neurospora. Bioessays 12:53–59.
50. Nolting, N., and S. Po¨ggeler. 2006. A MADS box protein interacts with a
mating-type protein and is required for fruiting body development in the
homothallic ascomycete Sordaria macrospora. Eukaryot. Cell 5:1043–1056.
51. Nolting, N., and S. Po¨ggeler. 2006. A STE12 homologue of the homothallic
ascomycete Sordaria macrospora interacts with the MADS box protein
MCM1 and is required for ascosporogenesis. Mol. Microbiol. 62:853–868.
52. Nowrousian, M., S. Frank, S. Koers, P. Strauch, T. Weitner, C. Ringelberg,
J. C. Dunlap, J. J. Loros, and U. Ku¨ck. 2007. The novel ER membrane
protein PRO41 is essential for sexual development in the filamentous fungus
Sordaria macrospora. Mol. Microbiol. 64:923–937.
53. Nowrousian, M., S. Masloff, S. Po¨ggeler, and U. Ku¨ck. 1999. Cell differen-
tiation during sexual development of the fungus Sordaria macrospora re-
quires ATP citrate lyase activity. Mol. Cell. Biol. 19:450–460.
54. Nowrousian, M., M. Piotrowski, and U. Ku¨ck. 2007. Multiple layers of
temporal and spatial control regulate accumulation of the fruiting body-
specific protein APP in Sordaria macrospora and Neurospora crassa. Fungal
Genet. Biol. 44:602–614.
55. Nowrousian, M., C. Ringelberg, J. C. Dunlap, J. J. Loros, and U. Ku¨ck. 2005.
Cross-species microarray hybridization to identify developmentally regulated
genes in the filamentous fungus Sordaria macrospora. Mol. Gen. Genomics
273:137–149.
56. Nowrousian, M., C. Wu¨rtz, S. Po¨ggeler, and U. Ku¨ck. 2004. Comparative
sequence analysis of Sordaria macrospora and Neurospora crassa as a means
to improve genome annotation. Fungal Genet. Biol. 41:285–292.
57. Paoletti, M., F. A. Seymour, M. J. Alcocer, N. Kaur, A. M. Calvo, D. B.
Archer, and P. S. Dyer. 2007. Mating type and the genetic basis of self-
fertility in the model fungus Aspergillus nidulans. Curr. Biol. 17:1384–1389.
58. Pfaffl, M. W., G. W. Horgan, and L. Dempfle. 2002. Relative expression
software tool (REST) for group-wise comparison and statistical analysis of
relative expression results in real-time PCR. Nucleic Acids Res. 30:e36.
59. Po¨ggeler, S. 2007. MAT and its role in the homothallic ascomycete Sordaria
macrospora, p. 171–188. In J. Heitman, J. W. Kronstad, J. W. Taylor, and
L. A. Casselton (ed.), Sex in fungi. ASM Press, Washington, DC.
60. Po¨ggeler, S. 2000. Two pheromone precursor genes are transcriptionally
expressed in the homothallic ascomycete Sordaria macrospora. Curr. Genet.
37:403–411.
61. Po¨ggeler, S., and U. Ku¨ck. 2000. Comparative analysis of the mating-type
loci from Neurospora crassa and Sordaria macrospora: identification of novel
transcribed ORFs. Mol. Gen. Genet. 263:292–301.
62. Po¨ggeler, S., and U. Ku¨ck. 2006. Highly efficient generation of signal trans-
duction knockout mutants using a fungal strain deficient in the mammalian
ku70 ortholog. Gene 378:1–10.
63. Po¨ggeler, S., and U. Ku¨ck. 2001. Identification of transcriptionally expressed
pheromone receptor genes in filamentous ascomycetes. Gene 280:9–17.
64. Po¨ggeler, S., and U. Ku¨ck. 2004. A WD40 repeat protein regulates fungal cell
differentiation and can be replaced functionally by the mammalian homo-
logue striatin. Eukaryot. Cell 3:232–240.
65. Po¨ggeler, S., M. Nowrousian, C. Ringelberg, J. J. Loros, J. C. Dunlap, and
U. Ku¨ck. 2006. Microarray and real-time PCR analyses reveal mating type-
dependent gene expression in a homothallic fungus. Mol. Gen. Genomics
275:492–503.
66. Po¨ggeler, S., S. Risch, U. Ku¨ck, and H. D. Osiewacz. 1997. Mating-type genes
904 KLIX ET AL. EUKARYOT. CELL
from the homothallic fungus Sordaria macrospora are functionally expressed
in a heterothallic ascomycete. Genetics 147:567–580.
67. Pyrzak, W., K. Y. Miller, and B. L. Miller. 2008. Mating type protein Mat1-2
from asexual Aspergillus fumigatus drives sexual reproduction in fertile As-
pergillus nidulans. Eukaryot. Cell 7:1029–1040.
68. Ruepp, A., A. Zollner, D. Maier, K. Albermann, J. Hani, M. Mokrejs, I.
Tetko, U. Guldener, G. Mannhaupt, M. Munsterkotter, and H. W. Mewes.
2004. The FunCat, a functional annotation scheme for systematic classifica-
tion of proteins from whole genomes. Nucleic Acids Res. 32:5539–5545.
69. Saeed, A. I., V. Sharov, J. White, J. Li, W. Liang, N. Bhagabati, J. Braisted,
M. Klapa, T. Currier, M. Thiagarajan, A. Sturn, M. Snuffin, A. Rezantsev,
D. Popov, A. Ryltsov, E. Kostukovich, I. Borisovsky, Z. Liu, A. Vinsavich, V.
Trush, and J. Quackenbush. 2003. TM4: a free, open-source system for
microarray data management and analysis. Biotechniques 34:374–378.
70. Sambrook, J., and D. W. Russell. 2001. Molecular cloning: a laboratory
manual, 3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY.
71. Saupe, S., L. Stenberg, K. T. Shiu, A. J. Griffiths, and N. L. Glass. 1996. The
molecular nature of mutations in the mt A-1 gene of the Neurospora crassa
A idiomorph and their relation to mating-type function. Mol. Gen. Genet.
250:115–122.
72. Sherman, F., G. R. Fink, and C. W. Lawrence. 1979. Methods in yeast
genetics. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
73. Smyth, G. K. 2004. Linear models and empirical Bayes methods for assessing
differential expression in microarray experiments. Stat. Appl. Genet. Mol.
Biol. 3:Article3. doi:10.2202/1544-6115.1027.
74. Staben, C., and C. Yanofsky. 1990. Neurospora crassa a mating-type region.
Proc. Natl. Acad. Sci. U. S. A. 87:4917–4921.
75. Tian, C., T. Kasuga, M. S. Sachs, and N. L. Glass. 2007. Transcriptional
profiling of cross pathway control in Neurospora crassa and comparative
analysis of the Gcn4 and CPC1 regulons. Eukaryot. Cell 6:1018–1029.
76. Tsong, A. E., M. G. Miller, R. M. Raisner, and A. D. Johnson. 2003. Evo-
lution of a combinatorial transcriptional circuit: a case study in yeasts. Cell
115:389–399.
77. Turgeon, B. G., and R. Debuchy. 2007. Cochliobolus and Podospora: mech-
anisms of sex determination and the evolution of reproductive lifestyle, p.
93–121. In J. Heitman, J. W. Kronstad, J. W. Taylor, and L. Casselton (ed.),
Sex in fungi. ASM Press, Washington, DC.
78. Turgeon, B. G., and O. C. Yoder. 2000. Proposed nomenclature for mating
type genes of filamentous ascomycetes. Fungal Genet. Biol. 31:1–5.
79. Yuan, Y. O., I. L. Stroke, and S. Fields. 1993. Coupling of cell identity to
signal response in yeast: interaction between the alpha 1 and STE12 pro-
teins. Genes Dev. 7:1584–1597.
VOL. 9, 2010 MAT1-1 MATING-TYPE GENES OF SORDARIA MACROSPORA 905
